HIV may induce gastrointestinal (GI) mucosal immune dysregulation similar to inflammation observed in ulcerative colitis (UC). Colorectal biopsies from healthy controls (N = 12) and from participants with HIV (N = 20) or UC (N = 9) were subjected to real time (RT)-PCR for selected cytokines, chemokines, antimicrobial peptides, Toll-like receptors, and inflammatory signaling and epithelial barrier proteins. HIV long terminal repeat relative copy number (RCN) in HIV participant biopsies was quantified by RT-PCR. Mean interleukin (IL)-6 mRNA levels did not differ significantly between HIV and UC participants ( p = 0.48) but were significantly higher relative to control mRNA levels only for HIV participants ( p = 0.03). Mean IL-8 and human defensin (HD) 5 mRNA levels were similar between HIV and UC participants ( p = 1.0 and p = 0.35, respectively) and were significantly greater in both groups relative to controls ( p < 0.05 for all). Human beta-defensin (HBD)-2 mRNA levels were higher in UC relative to HIV and control participants ( p < 0.01 for both). Conversely, HBD-1 mRNA levels were downregulated in UC vs. HIV participants ( p = 0.01). Mediator gene expression did not differ significantly between HIV participants with detectable (N = 10) or nondetectable (N = 10) plasma viral loads. Tissue HIV relative copy number (RCN) correlated with plasma viral load (r = 0.88, p < 0.01) but not with mediator mRNA levels. The results of this study indicate that both chronic HIV infection and UC are associated with similar patterns of IL-6, IL-8, and HD5 expression in colorectal biopsy tissue. These findings suggest overlapping mechanisms for GI mucosal inflammation in these two illnesses and merit further investigation in larger studies.
Introduction
H IV-induced inflammation and tissue injury in the gastrointestinal tract may impact viral pathogenesis by potentiating local HIV replication and recruitment of HIV target cells. Colorectal biopsy tissue from individuals with chronic HIV infection may not show evidence of significant cellular inflammation by qualitative histology, as concomitant CD4 + T-lymphocyte depletion and CD8 + T-lymphocyte influx may result in an overall normocellular appearance. [1] [2] [3] However, prior studies have shown evidence of cellular inflammation by flow cytometry in intestinal biopsies from HIV-infected participants 1 and have described upregulation of proinflammatory cytokines and chemokines in intestinal biopsies from HIV-infected individuals compared to unin-fected individuals, 1, 4, 5 with the highest levels of inflammatory cytokines observed in those with high levels of local HIV replication. 5 The majority of participants in past studies lacked gastrointestinal symptoms. Use of antiretroviral therapy (ART) and average plasma viral loads varied among participants in these prior studies, thus it is difficult to evaluate the impact of these variables on mucosal inflammation. However, mucosal inflammation is abrogated by ART in some studies, suggesting a direct association between HIV replication and inflammation. [5] [6] [7] Alterations of soluble immune mediators at the intestinal mucosa in the setting of HIV may overlap with those observed in patients with ulcerative colitis (UC) and Crohn's disease. 1, 8 One prior study identified upregulated expression of inflammatory cytokines and chemokines in intestinal biopsies from participants with HIV or inflammatory bowel disease (IBD). 1 Although biopsies from HIV-infected participants in this study appeared similar to those from healthy controls by qualitative histology, gene expression for the HIV coreceptors CCR5 and CXCR4 and for the chemokines regulated on activation, normal T cell expressed and secreted (RANTES), macrophage inflammatory protein (MIP)-1b, and MIP-1a was upregulated relative to healthy controls and was similar between UC and HIV-infected participants.
Altered expression of genes integral to intestinal barrier integrity is well described in IBD 9 and has also been described in studies of HIV-infected individuals, 2,6,10,11 although prior studies have not directly compared intestinal barrier gene expression between these two groups. Loss of barrier integrity in the setting of IBD or HIV may promote microbial translocation and potentiate inflammation, thus exacerbating colitis and viral dissemination. [12] [13] [14] [15] [16] Dysregulated intestinal mucosa expression of Toll-like receptors (TLR), inflammatory signaling proteins, and antimicrobial peptides such as defensins may also contribute to altered mucosal immunity in the setting of HIV or IBD. [17] [18] [19] Altered gene expression of human beta-defensin (HBD)-2 and HBD-3 17 and multiple TLRs 20 has been described in intestinal biopsies from IBD patients. Altered enteric defensin and TLR expression in the setting of HIV has been suggested based on the findings of animal studies 21, 22 but has not been studied in HIV-infected humans.
Few human studies have characterized alterations of soluble immune mediators at the intestinal mucosa that occur in the setting of HIV or have directly compared the changes that may occur in both HIV and IBD. Furthermore, the association between HIV replication and gastrointestinal antimicrobial peptides has not been well characterized in human models. A more thorough investigation of the similarities between IBD and HIV intestinal pathogenesis could expand our understanding of how mucosal inflammation in the setting of HIV contributes to systemic inflammation and disease progression and could inform the development of novel antiinflammatory therapies for both IBD and HIV.
To address these gaps, we used real time (RT)-PCR to quantify mRNA for a select panel of mucosal mediators in colorectal biopsies collected from participants with HIV infection, from participants with active UC disease (''positive inflammatory'' control group) and from healthy participants (''negative inflammatory'' control group). Mediators assessed by PCR were selected for their potential role in inhibiting or promoting local inflammation or for their relevance to intestinal barrier integrity. Biopsy samples from HIV-infected participants were also subjected to PCR for HIV long terminal repeat (LTR) gene expression to evaluate the relationship between local viral replication and inflammation. We hypothesized that chronic HIV infection is associated with intestinal mucosal inflammation similar to that described in UC and that we would observe similar levels of inflammatory gene expression when comparing biopsies from HIV-infected participants to biopsies from UC participants.
Materials and Methods

Participants
This study was approved by the UCLA Office of the Human Research Protection Program Institutional Review Board, and use of deidentified samples was approved by the Albert Einstein College of Medicine Institutional Review Board. Participants were recruited through the Mucosal Immunology Core Laboratory at UCLA, provided written informed consent, and underwent endoscopic evaluation. Colorectal biopsy tissue was obtained as previously described. 1 To augment the study's sample size, colorectal biopsy samples from two healthy individuals and from five individuals with active UC were obtained from OriGene Technologies, Inc. (Rockville, MD).
Histological scoring
Histology scores for all samples (UCLA and OriGene) were assigned by a single blinded gastrointestinal pathologist according to a validated colonic inflammation scoring system that ranged from a score of 1 (normal histology) to 6 (severely abnormal histology with destruction of epithelium and minimal cellular elements) ( Fig. 1 ). 3, 23 For UCLA-recruited participants, biopsies were mounted on mesh screens, fixed in 10% formalin, and embedded in paraffin. Sections (7 lm) were stained with hematoxylin and eosin and examined under light microscopy. Two slides with three sections per biopsy were evaluated at 4 · and 10 · power. This histology scoring system was also applied to photographed slides from the OriGene samples.
Total RNA extraction and RT-PCR amplification to quantify mRNA Total RNA was extracted from deidentified and homogenized UCLA biopsy tissue using an Absolutely RNA RT-PCR Miniprep Kit (Strategene, La Jolla, CA). RNA (200 ng) was then reverse transcribed with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). RT-PCR amplification was performed in duplicate using an ABI PRISM 7000 detection system and analyzed using sequence detector software. PCR cycling conditions were as follows: 1 cycle, 50°C for 2 min; 1 cycle, 95°C for 15 min; 45 cycles, 95°C for 10 s; and 1 cycle, 60°C for 1 min. Gene expression levels were calculated as 2 ddCt (where C t indicates cycle threshold) using large ribosomal protein (RPLPO) as the endogenous control. Gene expression levels for UC and HIV-infected participants were compared to healthy control participants. Specimens with undetectable RNA levels were attributed a C t value of 45.
The following commercially available probes (Applied Biosystems, Foster City, CA) were used for all specimens: human SLPI (Hs00268204_m1), human beta-defensin 1 (HBD-1) (Hs00174765_m1), human beta-defensin 2 (HBD-2) (Hs00175474_m1), human beta-defensin 3 (HBD-3) (Hs00218678_mL), human defensin 5 (HD5) (Hs00360716_ mL), human neutrophil peptides 1-3 (HNP1-3) (Hs00234383_ mL), (Hs00175474_m1), interleukin 6 (IL-6) (Hs00174131_m1), interleukin 8 (IL-8) (Hs00174103_m1), interleukin 17 (IL-17) (Hs00174383), interleukin 1b (IL-1b) (Hs00174097_mL), tumor necrosis factor-a (TNF-a) (Hs00174128_m1), toll-like receptor 2 (TLR2) (Hs00152932_m1), toll-like receptor 4 (TLR4) (Hs00152939_mL), toll-like receptor 5 (TLR5) (Hs00152825_mL), toll-like receptor 9 (TLR9) (Hs00152973_ mL), myeloid differentiation primary response gene (88) (MyD88) (Hs00182082_m1), tight junction protein 1 (TJP1) (Hs01551876_mL), CHUK (IKK alpha) (Hs00175141_m1), and ribosomal large protein subunit (RPLPO) (4333761F).
HIV RNA quantitation in biopsy tissue collected from HIV-infected participants was interpolated using a calibration curve generated from serial dilutions of cell lysate prepared from U1 cells, a monocytic cell line infected with HIV. 24 HIV relative copy number (RCN) was calculated as the ratio between HIV LTR and RPLPO copy numbers as previously described. 25 
Statistical analysis
Differences in participant demographics between groups were compared using analysis of variance (ANOVA) or t-tests for continuous variables and chi-square or Fisher's exact tests for categorical variables. Gene expression levels of mediators were log 10 transformed to reduce skewness. Differences in mediators between HIV, UC, and control groups were compared using one-way ANOVA, followed by Bonferroni correction for post hoc pairwise comparisons. Spearman correlation coefficients were used to assess correlations between HIV plasma viral load, HIV RCN in biopsy tissue, and mRNA of immune mediators. All analyses were performed using GraphPad Prism version 6 (San Diego, CA.). All tests for significance were two-sided, and a value of p < 0.05 was considered significant.
Results
Participants
Forty-one study participants provided a total of 41 colorectal biopsy samples and included 20 individuals with HIV infection, nine individuals with active UC, and 12 healthy control participants (Table 1 ). Ten HIV-infected participants had nondetectable ( < 50 copies/ml) plasma viral load (PVL) (HIV NDVL ). Ten HIV-infected participants had detectable PVL (HIV DVL ), with a meanstandard deviation (SD) viral load of 4.38 -0.53 log 10 copies/ml ( Table 1 ). Nine of 10 HIV NDVL participants and six of 10 HIV DVL participants received ART at the time of biopsy ( p = 0.30). HIV NDVL participants had a significantly higher mean peripheral CD4 + T lymphocyte count compared to HIV DVL participants (692.4 cells/ll -351.7 vs. 301.6 -232.3, p < 0.001). Participant medications, including ART regimens, are detailed in Table 2 .
Histological scoring
All healthy control participants had normal (grade 1) histological scores on biopsy ( Table 1 ). All UC participants had moderate (grade 4) (N = 6) or severe (grade 5-6) (N = 3) histological scores ( Table 1 ). All HIV NDVL participants had normal scores. Nine of the 10 HIV DVL participants had normal or mildly abnormal (grade 2-3) scores. UC participants were significantly more likely to have a moderate or severe histological score when compared to all HIV participants or to control participants ( p < 0.001 for both). The proportions of subjects with normal vs. abnormal histological scores did not differ significantly between all HIV participants and control participants ( p = 1.0). Neutrophil counts were obtained from histology sections from seven UC, 11 HIV, and five control participants; samples from UC participants were more likely to have neutrophil infiltrates compared to samples from HIV or control participants ( p = 0.03). Five of the seven samples from UC participants had neutrophil infiltrates [mean 41.08 neutrophils per high power field (HPF) -30.92], while only two samples from HIV participants had identifiable neutrophils (mean 0.7 neutrophils per HPF -0.71), and no neutrophils were identified in samples from control participants.
IL-6 and IL-8 expression in HIV-infected participants did not differ significantly from UC participants and was significantly upregulated relative to controls Mean IL-6 mRNA levels were modestly but not significantly higher in HIV-infected compared to UC participants (1.12 -1.17 vs. 0.49 -1.13, respectively; p = 0.48) and were significantly upregulated relative to controls only for HIVinfected participants ( p = 0.03) ( Fig. 2a ). Mean IL-8 mRNA levels were similar between all HIV-infected and UC participants (1.14 -0.77 vs. 1.05 -1.02, respectively; p = 1.0) and were significantly higher relative to controls for both HIV-infected ( p = 0.02) and UC participants ( p = 0.04) (Fig.   2b ). When HIV-infected patients were then stratified by PVL, mean IL-8 and IL-6 mRNA levels were significantly higher only in the HIV DVL group relative to controls ( p = 0.01 for IL-6, p = 0.02 for IL-8). Expression of IL-1b, IL-17, and TNF did not differ significantly between participants with HIV, UC, or controls ( p > 0.05 for all, data not shown).
Expression of human defensin 5, but not of human beta-defensins-1 or -2, was similar between HIVinfected and UC participants
Mean HD5 mRNA levels were similar between all HIV and UC participants (1.92 -1.69 vs. 2.27 -1.37, respectively; p = 0.35) and were significantly upregulated in both groups relative to controls ( p = 0.004 for UC, p = 0.003 for all HIV) ( Fig. 2c) . Again, when HIV-infected participants were stratified by PVL, only the HIV DVL group had significantly higher mean levels of HD5 mRNA relative to controls ( p = 0.002). HBD-1 expression was significantly downregulated in UC relative to all HIV-infected participants ( -0.79 -0.64 vs. 0.32 -0.85, respectively; p = 0.01), and HBD-1 mRNA levels were significantly higher in the HIV NDVL group relative to participants with UC ( Fig. 2d) . In contrast, mean HBD-2 mRNA levels were significantly higher in UC participants (3.02 -2.54) relative to all HIV-infected (0.41 -1.54, p = 0.002) and control participants ( p = 0.001) ( Fig. 2e) .
A trend was noted toward higher mean HNP 1-3 mRNA levels in UC compared to HIV-infected participants (1.35 -1.03 vs. 0.23 -1.42, respectively), but no significant difference was identified between UC, HIV, and control participants ( p = 0.05) (data not shown). No significant differences were observed between groups for HBD-3 mRNA ( p > 0.05 for all, data not shown). Mean MyD88 expression was significantly higher in UC compared to all HIV-infected participants (0.25 -0.31 vs. 0.11 -0.38, p = 0.03), although expression for both groups was similar to that observed in healthy control participants ( p > 0.05 for both) (Fig. 2f) . No statistically significant differences between groups were observed for expression of CHUK, TJP-1, or SLPI ( p > 0.05 for all, data not shown) or for TLR2, TLR4, TLR5, and TLR9 ( p > 0.05 for all, data not shown).
HIV relative copy number is highest in biopsies from participants with detectable plasma viral loads
Mean HIV RCN from biopsy tissue was significantly higher in HIV DVL compared to HIV NDVL participants (0.04 -0.01 vs. 4.7e-005 -2.67e-005, p = 0.01) and correlated positively with plasma viral load (r = 0.88, p < 0.01). We identified no significant correlations between plasma viral loads and mediator gene expression in biopsy tissue or between biopsy tissue HIV RCN and mediator gene expression (data not shown). No significant differences in mediator gene expression were observed when participants were stratified by HIV DVL vs. HIV NDVL or by ART vs. no ART use (data not shown).
Discussion
In this cohort of chronically infected HIV participants, we observed patterns of gastrointestinal mucosal mediator ex-pression that were similar to those observed in participants with active UC, although expression of beta-defensins differed between the two groups. While the majority of HIVinfected participants received ART and had normal to mildly abnormal histology scores, soluble mediator expression in HIV-infected participants differed significantly from control participants. Together, these findings suggest evidence of GI mucosal inflammation in the setting of HIV and underscore the findings of prior studies in which biopsies from HIVinfected participants were found to have increased expression of inflammatory chemokines and evidence of cellular inflammation by flow cytometry and immunohistochemistry, despite normal qualitative histology scores. 1, 3 Gene expression of proinflammatory IL-6 and IL-8 did not differ significantly between HIV-infected and UC participants, and both IL-6 and IL-8 were significantly upregulated in HIV-infected participants relative to controls. IL-6 upregulation in the GI mucosa of HIV-infected individuals is consistent with prior studies, which found that IL-6 upregulation persisted after initiation of ART 26 and in the setting of undetectable mucosal viral load. 5 We did not observe a significant difference in levels of IL-6 or IL-8 mRNA between HIV DVL and HIV NDVL participants or between participants who received or did not receive ART. Thus, ART and peripheral viral suppression may not fully suppress IL-6 and IL-8 gene expression, and chronic upregulation may lead to ongoing mucosal inflammation, target cell recruitment, direct stimulation of HIV replication, and lymphocyte depletion. [27] [28] [29] To our knowledge, our study is the first to examine defensin and TLR expression in the gastrointestinal mucosa of HIV-infected individuals. Although HD5 expression was similar between HIV-infected and UC participants, HBD-1 and -2 expression differed between these two groups. Interestingly, HBD-2 mRNA levels in HIV-infected participants were significantly lower than those observed in UC participants. HBD-2 exhibits activity against HIV-1 in a human oral epithelial cell culture model. 30 HIV infection is thought to induce expression of HBD-2 by epithelial cells, and significant upregulation of HBD-2 gene expression was observed in the oral epithelial mucosa (but not the genital tract mucosa) of HIV-exposed, seronegative individuals. 31 Our small sample size may have limited our ability to detect significant upregulation of HBD-2 gene expression in HIV-infected participants, especially because only 10 participants had detectable plasma viral loads and evidence of local HIV replication by HIV RCN. As the majority of our HIV-infected participants received ART, an alternative theory is that use of ART abrogates upregulation of HBD-2 in the setting of HIV.
In contrast, the alpha-defensin HD5 is thought to be constitutively expressed by intestinal Paneth cells and by genitourinary tract epithelial cells. 32, 33 Thus, upregulation of HD5 in both HIV-infected and UC participants relative to controls is intriguing. One prior study identified higher concentrations of HD5 by immunoblot from urethral lavage from individuals with gonococcal or chlamydial urethritis, suggesting that mucosal inflammation may induce HD5 secretion. 34 HD5 may exert anti-HIV activity in the serum-free environment of the intestinal lumen 35 but the in vivo roles of both alpha-and beta-defensins against viral infection and replication remain unclear, and elevated levels could also promote inflammation. The role of alpha-and beta-defensins as protective antimicrobial peptides vs. promoters of mucosal inflammation requires investigation in larger cohorts of individuals with HIV or UC and may provide insight into the pathogenesis of these two disease states.
Along with crypt architecture destruction and plasmacellular infiltrates, neutrophil infiltrates are included in the histological criteria for diagnosis of inflammatory bowel disease. [36] [37] [38] Neutrophil infiltrates were identified in histological sections from UC participants; only scant neutrophils were identified in available histological sections from HIV participants and were not identified in sections from control participants. Neutrophil degranulation in UC biopsy samples may provide a rationale for the observed trend of increased HNP 1-3 gene expression in UC participants. MyD88dependent signaling may induce neutrophil recruitment in the setting of acute intestinal infection; 39 however, MyD88 gene , and compared across groups by one-way analysis of variance (ANOVA) followed by Bonferroni correction for post hoc pairwise comparisons. As a secondary analysis, HIV-infected participants (all HIV) were stratified by detectable (HIV DVL ) vs. nondetectable (HIV NDVL ) plasma viral load; mRNA levels did not differ significantly for any mediator between the HIV DVL and HIV NDVL groups ( p > 0.05 for all). (a) Mean IL-6 mRNA levels did not differ significantly between ulcerative colitis (UC) and all HIV participants ( p = 0.48) but were significantly higher in all HIV participants vs. controls. (b) IL-8 mRNA levels were similar between UC and all HIV participants ( p = 1.0) and differed significantly in both groups from those observed in controls. (c) Mean HD5 mRNA levels were similar between UC and all HIV participants ( p = 1.0) but were significantly higher in both groups relative to controls. (d) Mean HBD-1 mRNA levels were significantly lower in UC compared to all HIV participants. (e) Mean HBD-2 levels were significantly higher in UC compared to all HIV and control participants. (f) Mean MyD88 mRNA levels were significantly higher in UC compared to all HIV participants. expression was relatively low across all three groups and was similar between UC and control participants.
Although we found that HIV RCN in biopsy tissue correlated positively and significantly with plasma viral load, we did not identify significant correlations between HIV RCN and mediator gene expression. The majority of HIV-infected participants received ART, which limited our ability to assess how mediator expression may vary between those who do or do not receive ART. ART may impact the soluble mucosal immune environment by reducing gastrointestinal antigen challenge and infection and reducing local viral replication, thus permitting T-lymphocytes to reestablish mucosal homeostasis. One prior study described a reduction in gastrointestinal mucosal cytokine expression after initiation of ART and suggested that those with nondetectable mucosal viral loads on ART had downregulation of mucosal cytokine expression relative to healthy controls. 5 Additional studies are needed to address the impact of different antiretroviral therapy regimens on mucosal inflammation. A more comprehensive understanding of the relationship between systemic and mucosal inflammation and replication could impact the development of therapies to eradicate HIV reservoirs. Furthermore, identification of common pathways of mucosal inflammation among HIV-infected and IBD patients could lead to novel antiinflammatory therapies that offer therapeutic benefit for both diseases.
